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Dependent CMR at 3.0-T for Detection of Stress-Induced
Myocardial Ischemic Reactions
Cosima Jahnke, MD,* Rolf Gebker, MD,* Robert Manka, MD,*
Bernhard Schnackenburg, PHD,† Eckart Fleck, MD,* Ingo Paetsch, MD*
Berlin and Hamburg, Germany
O B J E C T I V E S This study determined the value of navigator-gated 3-dimensional blood oxygen
level–dependent (BOLD) cardiac magnetic resonance (CMR) at 3.0-T for the detection of stress-induced
myocardial ischemic reactions.
B A C KG ROUND Although BOLD CMR has been introduced for characterization of myocardial oxygen-
ation status, previously reported CMR approaches suffered from a low signal-to-noise ratio and motion-
related artifacts with impaired image quality and a limited diagnostic value in initial patient studies.
METHOD S Fifty patients with suspected or known coronary artery disease underwent CMR at 3.0-T
followed by invasive X-ray angiography within 48 h. Three-dimensional BOLD images were acquired
during free breathing with full coverage of the left ventricle in a short-axis orientation. The BOLD
imaging was performed at rest and under adenosine stress, followed by stress and rest ﬁrst-pass
perfusion and delayed enhancement imaging. Quantitative coronary X-ray angiography (QCA) was used
for coronary stenosis deﬁnition (diameter reduction 50%). The BOLD and ﬁrst-pass perfusion images
were semiquantitatively evaluated (for BOLD imaging, signal intensity differences between stress and
rest [∆SI]; for perfusion imaging, myocardial perfusion reserve index [MPRI]).
R E S U L T S The image quality of BOLD CMR at rest and during adenosine stress was considered good
to excellent in 90% and 84% of the patients, respectively. The ∆SI measurements differed signiﬁcantly
between normal myocardium, myocardium supplied by a stenotic coronary artery, and infarcted
myocardium (p  0.001). The receiver-operator characteristic analysis identiﬁed a cutoff value of ∆SI 
2.7% for the detection of coronary stenosis, resulting in a sensitivity and speciﬁcity of 85.0% and 80.5%,
respectively. An MPRI cutoff value of 1.35 yielded a sensitivity and speciﬁcity of 89.5% and 85.8%,
respectively. The ∆SI signiﬁcantly correlated with the degree of coronary stenosis (r0.65, p 0.001).
Additionally, ∆SI and MPRI showed substantial agreement (kappa value 0.66).
CONC L U S I O N S Navigator-gated 3-dimensional BOLD imaging at 3.0-T reliably detected stress-
induced myocardial ischemic reactions and may be considered a valid alternative to ﬁrst-pass exogenous
contrast-enhancement studies. (J Am Coll Cardiol Img 2010;3:375–84) © 2010 by the American College of
Cardiology Foundation
From the *Department of Internal Medicine/Cardiology, German Heart Institute, Berlin, Germany; and †Philips Clinical
Science, Hamburg, Germany.Manuscript received September 9, 2009; revised manuscript received December 1, 2009, accepted December 14, 2009.
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376n patients with suspected or known coronary
artery disease, noninvasive assessment of stress-
induced myocardial ischemic reactions is essential
for optimal planning of therapy and provides
seful prognostic information (1,2). The evaluation
f the hemodynamic consequences of coronary
rtery luminal narrowing, rather than mere detec-
ion of its presence, is clinically relevant. In general,
See page 385
evere epicardial coronary stenoses lead to post-
tenotic microvascular dilation in a compensatory
ffort to maintain sufficient oxygen supply at least
nder resting conditions. Thus, the direct charac-
erization of myocardial microcirculation reflecting
yocardial tissue oxygen supply is highly desirable.
Blood oxygen level–dependent (BOLD)
cardiac magnetic resonance (CMR) has re-
cently been introduced for measurement of
capillary reserve (3,4). The basic principle of
BOLD imaging relies on the intravascular
confinement and paramagnetic properties of
deoxyhemoglobin used as an endogenous
contrast agent (5). An increased oxyhemo-
globin and a decreased deoxyhemoglobin
tissue content result in higher T2* or T2
values, leading to a corresponding signal
enhancement on T2*- or T2-weighted im-
aging (6). Thus, BOLD CMR holds the
promise to sensitively determine changes in
the myocardial oxygenation status without
the need for exogenous contrast agent appli-
cation as a surrogate marker of myocardial
perfusion.
Data on BOLD CMR have mainly
een reported in experimental settings (4,7–9) or
ighly selected and small patient populations
3,5,10). These studies dealt with the capability of
OLD CMR to assess the presence of significant
oronary stenosis during vasodilator stress (i.e.,
ipyridamole or adenosine), although the diagnos-
ic value was reported to be limited (3). Difficulties
f BOLD CMR related to a relatively low signal-
o-noise ratio in combination with impaired image
uality due to artifacts resulting from magnetic field
nhomogeneities and blood flow as well as breathing
nd cardiac motion. Most importantly, the effect
ize of stress-induced signal intensity changes (i.e.,
ormal vs. ischemic myocardium) at 1.5-T is quite
mall, thereby necessitating quantitative evaluation
ather than visual image interpretation (3,11).
y
tic
n
yhus, a clinically applicable BOLD CMR approach oeeds to ensure: 1) a consistently high signal level to
ifferentiate normal from ischemic myocardium;
nd 2) a precise coregistration of rest and stress
OLD images as the basis for subtraction of
dentical slice geometries and calculation of signal
ntensity changes.
An increased signal-to-noise ratio can be achieved
ith the use of higher field strengths and can further
e increased using 3-dimensional (3D) imaging. The
atter yields the additional advantage of full left ven-
ricular coverage in contrast to previously described
ingle-slice imaging (3,5). Improved coregistration
an be achieved with real-time navigator techniques
estricting image acquisition to the end-expiratory
evel, which has been proven advantageous in com-
arison to multiple breath-hold maneuvers.
Thus, the present study sought to determine the
easibility and diagnostic value of free-breathing,
avigator-gated 3D BOLD CMR at 3.0-T for the
etection of stress-induced myocardial ischemic
eactions in comparison to first-pass perfusion
MR and invasive angiography in an unselected
atient population with suspected or known coro-
ary artery disease.
E T H O D S
ubjects. Fifty consecutive patients (31 men, 19
omen; mean age 61.3  7.6 years; range 44 to 76
ears) referred for cardiac catheterization were pro-
pectively enrolled after written informed consent
as obtained. Patients with suspected or known
oronary artery disease with or without prior per-
utaneous revascularization were included. Patients
ere not considered for study inclusion if they had
rior coronary artery bypass grafting or typical
ontraindications for CMR or the administration of
denosine. All patients were instructed to withdraw
ny antianginal medication and to refrain from
igarette smoking and tea or coffee intake for at
east 24 h before the CMR examination. The study
as approved by the Charité Institutional Review
oard.
MR study. CMR was performed with the patient
n the supine position using a 3.0-T CMR scanner
Philips Achieva, Best, the Netherlands) equipped
ith a Quasar Dual gradient system (40 mT/m; 200
T/m/ms) based on Philips software release 1.2. A
-element cardiac synergy coil was used for signal
eception, and cardiac synchronization was per-
ormed with a vector electrocardiograph. After
cquisition of standard cine scans for the assessmentB B R E V I A T I O N S
N D A C R O N YM S
SI relative signal intensit
hanges of blood oxygen
evel–dependent cardiac
agnetic resonance
OLD blood oxygen
evel–dependent
MR cardiac magnetic
esonance
TPA
iethylenetriaminepentaace
cid
PRImyocardial perfusio
eserve index
CA quantitative coronar
ngiography
OC receiver-operatorf left ventricular function, a 3D BOLD sequence
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377as performed at rest. Subsequently, adenosine
nfusion (140 g/kg/min) was started and the
dentical BOLD sequence was repeated after 2 to
min of adenosine infusion. Stress first-pass per-
usion imaging was then performed (intravenous
olus application of 0.025 mmol/kg of gadolinium-
iethylenetriaminepentaacetic acid [DTPA] [Magne-
ist, Schering, Berlin, Germany]; injection rate 4.0
l/s followed by a 20-ml saline flush). After termina-
ion of adenosine infusion and a 10-min waiting
eriod for equilibration of the contrast agent within
he myocardium, rest perfusion images were acquired
ith the identical contrast injection scheme. Finally, a
olus of 0.15 mmol/kg of gadolinium-DTPA was
dministered and delayed enhancement images were
cquired an additional 10 min later (Fig. 1).
MR technique. CINE IMAGING. For cine imaging,
alanced turbo field echo sequences with retrospec-
ive gating (repetition time [TR]/echo time [TE]/
ip angle: 3.3 ms/1.6 ms/40°; 30 phases per cardiac
ycle; spatial resolution: 1.3  1.3  8.0 mm)
uring end-expiratory breath-holds of 6 to 8 s were
sed. Cine scans were acquired in 3 short-axis
apical-, mid-, and basal short-axis view) and 3
ong-axis geometries (4-, 2-, and 3-chamber view)
ccording to standard definitions.
OLD IMAGING. The BOLD images were acquired
n the short-axis orientation with full coverage of
he left ventricle. A 3D T2-prepared segmented
radient echo sequence (TR/TE/flip angle: 5.0
s/1.5 ms/30°; bandwidth: 290 Hz/pixel) with a
2 preparation time of 40 ms and a fat suppression
re-pulse was performed during free breathing with
avigator gating used for respiratory motion com-
ensation (end-expiratory gating window 6 mm).
avigator efficiency was defined as the number of
ccepted navigator-gated acquisitions divided by
he total number of navigator acquisitions (values
Survey cine perfus3D-BOLD 3D-BOLD
0 min 6 min 9 min 11 min 14 min
contrast bolus
0.025 mmol/kg
rest
adenosine
140 µg/kg/min
Figure 1. Time Course of the CMR Protocol
Time course of BOLD and ﬁrst-pass contrast-enhanced perfusion CM
followed by delayed-enhancement CMR as carried out during a sing
application (gadolinium-DTPA) are indicated by blue arrows. BOLD
nance; DTPA  diethylenetriaminepentaacetic acid.re given in percents). Data were acquired during
ystole (acquisition duration: 100 ms per heartbeat),
ith a nominal scan duration of 104 heartbeats for
cquisition of the complete 3D data set. Measured
n-plane spatial resolution was 0.9  1.3 mm with
slice thickness of 10 mm (reconstructed voxel size:
.7  0.7  5.0 mm).
IRST-PASS PERFUSION IMAGING. For perfusion
maging, the identical geometries of the 3 cine
hort-axis views were used. A saturation-prepared
ingle-shot spoiled gradient echo sequence (TR/
E/flip angle: 2.8 ms/0.9 ms/18°) was used, with 1
aturation pre-pulse per slice before data readout
pre-pulse delay: 95 ms). The 3 short-axis views
ere acquired every heartbeat (acquisition duration:
65 ms/slice) over 60 consecutive cardiac cycles.
easured in-plane spatial resolution was 2.9  2.9
m (reconstructed voxel size: 1.5  1.5  8 mm).
ELAYED-ENHANCEMENT IMAGING. Delayed-
nhancement imaging was done in the short-axis
rientation with full coverage of the left ventricle. A
D inversion-prepared spoiled-gradient echo se-
uence (TR/TE/flip angle: 3.6 ms/1.8 ms/15°) was
sed (reconstructed voxel size 0.7 0.7 5.0 mm).
he inversion recovery pre-pulse delay was deter-
ined from a Look-Locker sequence and adjusted
ccordingly (range 190 to 240 ms).
uantitative coronary angiography (QCA). All inva-
ive coronary X-ray angiographies were performed
ithin 48 h after the CMR examination. Quanti-
ative coronary angiography (Philips Inturis Suite
oftware) was used to define a significant coronary
tenosis 50% luminal diameter narrowing in a
oronary artery 2.0 mm diameter.
mage analysis. A visual score was used to grade the
mage quality of the 3D BOLD data sets at rest and
uring stress on a 4-point scale as excellent (4 
perfusionbreak (10 min) break (10 min) scar imaging
contrast bolus
0.15 mmol/kg
rest
contrast bolus
0.025 mmol/kg
5 min 25 min 26 min 36 min 40 min
t rest and during adenosine stress (140 g/kg/min) subsequently
ession CMR examination. Time and dosage of contrast agent
lood oxygen level–dependent; CMR  cardiac magnetic reso-ion
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378lear delineation of the left ventricular myocardium
ith sharp endocardial contours, no motion arti-
acts), good (3  clear delineation of the left
entricular myocardium but mildly blurred endocar-
ial contours, no motion artifacts), moderate (2 
oderately blurred endocardial contours, occur-
ence of respiratory/cardiac motion artifacts), or
oor (1  severely reduced demarcation of left
entricular endocardial contours and severe motion
rtifacts).
The BOLD images were analyzed semiquantita-
ively: the BOLD image data sets of stress and rest
ere subtracted pixel-wise and divided by rest
alues directly on the CMR scanner for determina-
ion of relative signal intensity changes (SI) in
ercent (Fig. 2). The BOLD data sets of each
atient were evaluated on a per-segment basis
standard 16-segment model) (12) using the View-
orum software (ViewForum Release 5.1, Philips
edical Systems, Best, the Netherlands). Myocar-
ial segments were assigned to the supplying coro-
ary artery based on a consensus read of the
nterventionalist and the CMR imager, taking the
espective coronary dominance type into account.
For the assessment of intrareader variability,
OLD image analysis of 3 pre-defined myocardial
egments per patient was repeated by the same
MR reader3 months later; for the assessment of
Figure 2. Rest and Stress BOLD Images With Corresponding Sub
(A) The BOLD CMR images at rest and during adenosine stress toge
color map. A stress-induced signal loss in the anterior myocardial se
plete 3-dimensional data set of subtracted BOLD images showing a
indicates the transmurality of the stress-induced signal loss (0  no
76% to 100% transmurality). ∆SI  relative signal intensity changes
abbreviations as in Figure 1.nter-reader variability, a second CMR reader per-
ormed the analysis independently.
In addition, first-pass perfusion images were
emiquantitatively analyzed: endocardial and epi-
ardial contours were traced manually and corrected
or breathing-related motion. The myocardium was
ivided into 6 equiangular segments per slice ac-
ording to standard definitions, and the regional
ignal intensity–time curves were measured. For
aseline correction, mean signal intensity before
ontrast agent injection was subtracted from all
ost-contrast data. An index for myocardial perfu-
ion reserve (MPRI) was calculated as previously
ublished (13). Delayed-enhancement images were
nalyzed visually per segment regarding the pres-
nce of myocardial scar with a transmurality 50%.
tatistical analysis. Statistical analysis was per-
ormed using the SPSS software package, version
7.0.0 (SPSS, Inc., Chicago, Illinois). The paired
tudent t test was used to test for differences within
roups. The normality of the distributions was
ested with the Kolmogorov-Smirnov test. Error
ars were used to compare the 95% confidence
ntervals of normal myocardial segments, segments
upplied by a stenotic coronary artery, and infarcted
egments. Differences between groups were tested
y 1-way analysis of variance including pairwise
ultiple comparison procedures (Holm-Sidak
ction Images
r with the corresponding subtraction image and its parametric
ent can be seen (white arrows). (B) Bull’s eye plot of the com-
ss-inducible signal loss in the anterior segments. The color scale
nal loss, 1  1% to 25%, 2  26% to 50%, 3  51% to 75%, 4 
lood oxygen level–dependent cardiac magnetic resonance; othertra
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379ethod). A linear mixed-effect model was used to
ccount for potential correlation within the patient.
o determine the relationship between changes in
OLD signal intensity values/MPRI and the pres-
Figure 3. Representative CMR Examples of BOLD and First-Pass
(Upper Row) Subtracted BOLD image (A), stress and rest ﬁrst-pass
right coronary artery (C) in a patient with known coronary artery di
perfusion imaging show a stress-induced deﬁcit in the anterior/ante
angiography conﬁrmed severe stenosis of the left anterior descend
BOLD image (D), stress and rest ﬁrst-pass perfusion (E), and corresp
a patient with suspected coronary artery disease. Subtracted BOLD
induced deﬁcit in the inferoseptal/inferior wall (yellow arrows). Inva
coronary artery (blue arrow) (QCA 100%) with retrograde ﬁlling of
Table 1. Hemodynamic Data and Effective Scan Duration of
the BOLD Sequence
Left ventricular function (at rest)
LVEDV, ml 141.3 30.8
LVESV, ml 61.5 19.3
LVEF, % 57.2 5.3
Heart rate, beats/min
At rest 66 9
Maximum stress 90 10*
Systolic blood pressure, mm Hg
At rest 136 25
Maximum stress 133 25
Heart rate–pressure product, beats/min  mm Hg
At rest 8,990 2,247
Maximum stress 1,1912 2,606*
Navigator efﬁciency (BOLD sequence), %
At rest 57.8 14.8
During stress 49.4 15.1*
Effective scan duration (BOLD sequence), s
At rest 177 53
During stress 168 53
Heart rate–pressure product is heart rate systolic blood pressure. Values are
expressed as mean  SD. *p  0.01 rest versus stress.
BOLD  blood oxygen level–dependent; LVEDV  left ventricular end-
diastolic volume; LVEF  left ventricular ejection fraction; LVESV  left
ventricular end-systolic volume.angiography; RCA  right coronary artery; other abbreviations as in Fignce of coronary stenosis 50%, receiver-operator
haracteristic curve (ROC) analysis was performed
nd the area under the curve was calculated. Sensi-
ivity, specificity, diagnostic accuracy, and positive
nd negative predictive values were calculated ac-
ording to standard definitions and compared with
he McNemar test. Pearson correlation was used to
ssess statistical correlation between BOLD imag-
ng, MPRI, and QCA. Cohen’s kappa was applied
o measure inter-reader and intrareader agreement
f BOLD imaging and the agreement between
OLD and MPRI using the following grading: 0 to
.2 (poor), 0.21 to 0.4 (fair), 0.41 to 0.6 (moderate),
.61 to 0.8 (substantial), and 0.81 to 1.0 (nearly
erfect). In addition, Bland-Altman analysis was
arried out to assess the inter-reader and intrareader
eproducibility of BOLD measurements. All tests
ere 2-tailed; p  0.05 was considered statistically
ignificant.
E S U L T S
atient characteristics and hemodynamic data. Dur-
ng adenosine infusion, 1 patient suffered from
evere dyspnea necessitating premature termination
f the CMR examination; this patient was excluded
rom further analysis due to the incomplete CMR
ata acquisition. All remaining 49 patients com-
leted the CMR examination successfully without
ny relevant side effects, thus 784 myocardial seg-
fusion
sion (B), and corresponding invasive angiogram of the left and
e and prior stenting of the RCA. Subtracted BOLD and ﬁrst-pass
teral myocardial segments (yellow arrows). Invasive coronary
coronary artery (blue arrow) (QCA 63%). (Bottom Row) Subtracted
ing invasive angiogram of the left and right coronary artery (F) in
ﬁrst-pass perfusion imaging detected a stress-
coronary angiography revealed a complete occlusion of the right
distal RCA via extensive collaterals. QCA  quantitative coronaryPer
perfu
seas
rola
ing
ond
and
sive
theure 1.
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380ents were included in the analysis. Table 1 sum-
arizes the hemodynamic data and the effective
can duration of the BOLD sequence.
Invasive angiography excluded significant coro-
ary luminal narrowing in 23 patients (11 patients
ithout any angiographically assessable coronary
isease and 12 patients with prior diagnosis of
oronary disease but currently no significant steno-
is). Of the remaining 26 patients, 15 had signifi-
ant coronary single-vessel disease and 11 had
ouble-vessel disease.
Delayed-enhancement imaging identified myo-
ardial scar in 24 myocardial segments, and these
egments were excluded for the comparison with
CA only. The remaining 760 myocardial seg-
ents were classified according to the QCA results
s follows: 627 normal segments (176 segments
ithout and 451 segments with known coronary
rtery disease but no stenosis 50% on current
ngiography) and 133 myocardial segments sup-
lied by a coronary artery with luminal narrow-
ng 50%.
mage quality of BOLD imaging. The mean visual
core of BOLD CMR was 3.5  0.7 at rest and
.2  0.8 during adenosine stress (p  0.017). The
OLD imaging at rest resulted in excellent image
uality in 28 patients (57.1%) and in good image
uality in 16 patients (32.7%), 4 patients showed
oderate image quality (8.2%), and only 1 patient
howed poor image quality (2.0%). During adeno-
ine stress, image quality of BOLD imaging was
xcellent in 22 patients (44.9%), good in 19 patients
38.8%), moderate in 6 patients (12.2%), and poor
n 2 patients (4.1%). All myocardial segments of all
9 patients were considered for further analysis.
maging examples are given in Figure 3.
emiquantitative analysis of BOLD imaging. Linear
ixed modeling was applied to account for multiple
ithin-patient measurements with the repeated
ffect showing no significant influence on the
esults of SI (p  0.56). The SI measurements
iffered significantly between normal myocardial
egments (7.1  0.3), myocardial segments sup-
lied by a stenotic coronary artery (7.1  0.9),
nd infarcted myocardium (1.9  0.8): normal
ersus QCA 50%, p  0.001; normal versus
nfarcted, p  0.001; QCA 50% versus in-
arcted, p  0.013; corresponding 95% CIs are
llustrated in Figure 4A.
emiquantitative analysis of myocardial perfusion re-
erve index. Linear mixed modeling excluded any
ignificant influence of multiple within-patient
easurements on the results of MPRI (p  0.49). dhe MPRI measurements differed significantly be-
ween normal myocardium (MPRI, 1.88  0.02)
nd myocardium supplied by a stenotic coronary
rtery (MPRI, 1.03  0.02) or infarcted myocar-
ium (MPRI, 1.14  0.06) as follows: normal
ersus QCA 50%, p  0.001; normal versus
nfarcted, p  0.001; QCA 50% versus infarcted,
 0.597 (Fig. 4B).
omparison with QCA. The ROC analyses were
erformed to identify the cutoff value of SI and
PRI for the detection of significant coronary
tenosis (Fig. 5). For BOLD imaging, a cutoff value
f SI  2.7% yielded a sensitivity, specificity, and
0.8
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1.4
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2.0
95
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Normal QCA ≥50% Infarcted
Figure 4. BOLD and First-Pass Perfusion CMR
Error bar charts of BOLD ∆SI (A) and MPRI (B) showing the
mean values and corresponding 95% conﬁdence intervals (CI)
for normal myocardial segments, myocardial segments being
supplied by a signiﬁcantly narrowed coronary artery (QCA
50%), and infarcted myocardial segments. Differences between
groups were statistically signiﬁcant (analysis of variance, p 
0.001). MPRI  myocardial perfusion reserve index; other abbre-
viations as in Figures 1, 2, and 3.iagnostic accuracy of 85.0%, 80.5%, and 81.3%,
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381espectively; positive and negative predictive values
ere 51.9% and 96.2%, respectively. For MPRI, the
ptimal cutoff value was 1.35 with a sensitivity,
pecificity, and diagnostic accuracy of 89.5%,
5.8%, and 86.4%, respectively; positive and nega-
ive predictive values were 57.2% and 97.5%. Diag-
ostic values were significantly higher for MPRI in
omparison to SI (p 0.014). The SI of BOLD
maging and MPRI significantly correlated with the
egree of coronary artery stenosis (r  0.65 and
 0.70, respectively; p  0.001) (Fig. 6).
omparison between BOLD and MPRI. The SI of
OLD imaging showed a significant correlation
ith MPRI per myocardial segment (r  0.69, p 
.001) (Fig. 7). Applying the cutoff values derived
A
0.0
0.0 0.2 0.4 0.6 0.8
0.4
0.2
0.6
0.8
1.0
Se
ns
iti
vi
ty
1-Specificity
BOLD
AUC=0.882.7%
Figure 5. ROC Analysis of BOLD and First-Pass Perfusion CMR
The ROC analysis to determine the cutoff value for BOLD ∆SI (A) an
coronary artery stenosis (50% luminal narrowing). A cutoff value o
and 80.5%, respectively. A cutoff value of MPRI  1.35 resulted in a
curve; ROC  receiver-operator characteristic curve; other abbreviat
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Figure 6. Relationship of BOLD and First-Pass Perfusion With D
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.66). Comparing BOLD imaging with MPRI as
he reference standard, ROC analysis of SI re-
ulted in a sensitivity and specificity of 85.7% and
3.0%, respectively.
nter-reader and intrareader variability of BOLD imaging.
he SI measurements as assessed by 2 different
MR readers resulted in a significant correlation
r 0.91, p 0.001) with a substantial inter-reader
greement (kappa value 0.77). TheSI measurements
s assessed twice by the same CMR reader resulted in
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early perfect intrareader agreement (kappa value
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382.85). The corresponding Bland-Altman plots illus-
rating the inter-reader and intrareader reproducibility
f BOLD SI measurements are shown in Figure 8.
I S C U S S I O N
his study evaluated a navigator-gated 3D BOLD
MR approach at 3.0-T for the detection of
tress-induced myocardial ischemic reactions. The
avigator-gated BOLD sequence had an effective
can duration of 3 min, and thus can easily be
ntegrated in the standard adenosine infusion pro-
ocol with a maximum infusion duration of 6 min.
otably, navigator efficiency significantly decreased
uring adenosine stress due to stimulated breathing;
owever, effective scan duration did not differ be-
ween rest and stress as a result of the concomitant
ncrease in heart rate.
Importantly, navigator gating resulted in a con-
istent coregistration of rest and stress image geom-
try in all patients enabling automatic subtraction of
he data sets and subsequent direct visualization of
ignal intensity changes. Because quantitative anal-
sis is mandatory for BOLD CMR, automatic
ubtraction may facilitate time-saving evaluation.
owever, at present the need for semiquantitative
valuation of BOLD images may be considered a
imitation with regard to the routine applicability of
he technique.
The signal intensity differences between rest and
tress reliably differentiated normally perfused myo-
ardium from myocardial segments supplied by a
-20 0 20 40
BOLD ΔSI [%]
9
Analysis of BOLD and First-Pass Perfusion CMR
BOLD ∆SI and MPRI (black lines: regression line with 95% predic-
: 95% conﬁdence interval). The BOLD ∆SI and MPRI showed a sta-
elation (r  0.69, p  0.001). Abbreviations as in Figures 1, 2, and 4.tenotic coronary artery; in addition, infarcted myo- Bardium demonstrated significantly different signal
ntensity behavior, and can thus be identified.
hen comparing SI with myocardial perfusion
eserve index, a significant correlation and a sub-
tantial agreement were found. Notably, SI sig-
ificantly correlated with the degree of coronary
tenosis, and a cutoff value of SI  2.7% achieved
sensitivity and specificity of 85% and 81% for the
etection of coronary stenosis 50%. However,
ecause the cutoff value was defined in a retrospec-
ive manner from the data set, the definitive diag-
ostic value of BOLD CMR needs confirmation in
uture prospective studies.
Noninvasive stress testing for the detection of
yocardial ischemic reactions represents one of the
ain objectives of CMR. With technical refine-
ents of CMR taking place in recent years, the
OLD technique has emerged as a promising
lternative to first-pass perfusion imaging and may
enefit from inherent methodical advantages:
OLD imaging allows for the direct determination
f myocardial oxygenation status and does not
epend on the application of an exogenous contrast
gent as a surrogate marker of myocardial blood
ow (14). Hence, BOLD CMR abolishes the need
or accurate timing of dynamic perfusion imaging
uring bolus arrival and provides the opportunity of
equence repetition if necessary. In addition, an im-
roved spatial resolution can be achieved by distribut-
ng data acquisition over several cardiac cycles.
Although initial experimental (4,8) and volunteer
5) studies using BOLD imaging of the heart
howed promising results, the commonly reported
rawback was a low signal-to-noise ratio at 1.5-T
ogether with misregistration resulting from breath-
ng and limited left ventricular coverage due to
ingle-slice acquisition. In an animal study, the
enefit of increasing field strength to enhance
ensitivity for the detection of myocardial oxygen-
tion abnormalities has already been examined (15).
urther evaluation of BOLD imaging at higher
eld strengths in patient studies has therefore been
andated (16). In the present study, a free-
reathing, navigator-gated 3D BOLD sequence has
een implemented on a 3.0-T clinical scanner
ystem to achieve an increased signal-to-noise ratio,
mproved coregistration, and reduced breathing-
elated artifacts. The 3D approach facilitated full
overage of the left ventricle with a submillimeter
n-plane spatial resolution.
The theoretical basis for cardiac BOLD imaging
as been described in detail elsewhere (5,17).0.0
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383ly exceeds demand during vasodilator stress. Myo-
ardium being supplied by a normal coronary artery
hows an increased oxygen saturation with a con-
equential relative decrease in deoxyhemoglobin
nder stress. On the contrary, myocardium being
upplied by a narrowed coronary artery shows an
lready-dilated capillary bed even at rest, and further
rovocation of vasodilatation under stress is limited.
oreover, with persistent stress the proportion of
eoxyhemoglobin further increases while any com-
ensatory hyperemic effect is abolished; the resultant
ecrease in signal intensity as seen on BOLD images
an thus be considered indicative of a stress-induced
yocardial ischemic reaction (5,18).
In this study, during adenosine stress a mean
ncrease in signal intensity of 7% was observed in all
ormal myocardial segments, whereas in patients
ithout any coronary artery disease an average
ncrease in signal intensity of 10% was seen. These
ndings are consistent with previous studies show-
ng a higher stress-induced signal intensity increase
n volunteers than in healthy patients (3). This
henomenon can be explained by an already-
bnormal response of the microvasculature even in
yocardial segments without any angiographically
ssessable epicardial coronary stenosis in patients
ith known coronary artery disease.
Myocardial segments being supplied by signifi-
antly narrowed coronary arteries showed a mean
ecrease of signal intensity of 7%. In contrast to
revious patient studies noting signal intensity
hanges only in the presence of coronary stenosis
75% (3), we found a significant decrease in signal
ntensity already occurring in myocardial segments
eing supplied by 50% stenosed arteries. In an
xperimental setting, a linear relationship between
ignal intensity differences and coronary flow was
stablished, indicating that BOLD imaging can dif-
erentiate between varying degrees of coronary steno-
is (4). The proposed BOLD imaging approach of the
urrent study confirmed a significant correlation be-
ween signal intensity changes and the degree of
oronary stenosis in an unselected patient population
ith a higher correlation value compared with previ-
us patient studies (3). The relatively large variability
f signal intensity values in myocardial segments being
upplied by an occluded coronary artery in the absence
f myocardial scarring is most likely due to angio-
raphically evident collateral circulation.
In addition, signal intensity differences between
ormal and chronically infarcted myocardium were
een: scarred myocardium is scarcely capillarized, sence capillary recruitment during vasodilator stress is
egligible. Consequently, scar tissue as defined by
elayed-enhancement CMR showed nearly identical
OLD signal intensities at rest and under adenosine
tress.
Signal intensity changes of BOLD imaging cor-
elated well with myocardial perfusion reserve in-
ex, and a substantial agreement could be proven.
his is not surprising because both techniques
unctionally characterize stress-induced myocardial
schemic reactions. However, analysis of first-pass
erfusion imaging was performed semiquantita-
ively, and absolute quantification of myocardial
lood flow has not been attempted, which may be
onsidered a limitation of the present study.
O N C L U S I O N S
OLD CMR can be regarded as a useful alternative
o first-pass perfusion imaging in patients with
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